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Abstract. The objective of this work has been to combine the sol-gel method and the electrophoretic deposition
(EPD) process to prepare thick coatings onto metallic substrates. Two different routes were used for preparing the
sol-gel silica suspensions. On one hand, silica particulate sols were obtained by basic catalysis of alkoxides and
alkylalkoxides. On the other, silica suspensions were prepared by adding a commercial colloidal silica sol to an
organic-inorganic acid catalysed silica sol. The properties of the suspension and the physical parameters associated
to EPD (current density, potential, electric field and deposition time) were studied. Crack-free deposits up to 20 µm
were obtained after drying and crack-free glass-like coatings of 12 µm after sintering at 500◦C for 30 minutes.
The electrochemical behaviour of these coatings was evaluated by potentiodynamic methods, showing an excellent
behaviour against corrosion.
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1. Introduction
Sol-gel is a useful process for preparation of ceramic
and glass coatings that improve or modify the proper-
ties of the substrate, as mechanical, optical and elec-
trical properties, corrosion and oxidation resistance,
scratch resistance, etc [1, 2]. The sol-gel process en-
ables to obtain homogeneous and transparent coatings
at rather low sintering temperature. However, the max-
imum thickness of the films is normally limited to
around 2 µm when alkylalkoxides are used as precur-
sors. A route for increasing the coating thickness is to
add nanoparticles to the sol-gel solution [3].
Electrophoretic deposition (EPD) process is also
a well-known method for preparing coatings and
self-supported layers. EPD is a combination of two
processes, electrophoresis and deposition. The elec-
trophoresis involves the motion of charged particles
in a stable suspension under an electric field, while the
deposition is the result of the impact of these particles
against the electrode of opposite sign. The deposition
process is governed by the Hammaker equation [4],
where the deposited mass is a function of the particle
concentration, the electrophoretic mobility, the area of
the substrate, the applied field and the deposition time.
This process allows obtaining coatings onto com-
plex shaped substrates of any electrical nature. Some
studies concerning the use of EPD for sol-gel systems
have been reported, but they usually deal with aque-
ous suspensions of nanoparticles prepared by sol-gel
[5], or commercially available colloidal suspensions
[6], rather than sol-gel solutions. Hence, the result-
ing coatings need conventional sintering treatments
(typically above 1000◦C) in order to obtain ceramic
bonding.
The objective of this work was to obtain glass-like
coatings onto steel substrates by EPD route from par-
ticulate silica sols and suspensions prepared by acid
and basic catalysis [7]. The preparation of thick, ho-
mogeneous and crack-free coatings sintered at 500◦C
is reported.
2. Experimental
Silica suspensions were prepared via acid catalysis by
mixing methyltriethoxysilane (MTES), tetraethoxysi-
lane (TEOS) and a colloidal suspension of silica
(Levasil 200A, Bayer, Germany, particle size 15 nm,
and pH 9). Concentrated HNO3 was used as catalyst
P1: LOP
Journal of Sol-Gel Science and Technology KL1657-131 August 9, 2002 14:32
2 Castro et al.
up to pH 2 (SiLev) [8]. The starting sol with a
concentration of 340 g/l was diluted with absolute
ethanol to 255 g/l. The pH of the diluted sol was further
increased up to pH 6 by adding tetramethylammonium
hydroxide (TMAH) to improve deposition.
Particulate sols were prepared by basic catalysis us-
ing TEOS and MTES with NaOH, adding water to pro-
duce the hydrolysis and condensation reactions, fol-
lowing the procedure described by Jonschker et al.
[8]. The resulting sol (NaSi) has a final pH of 9–10,
a composition of 94% SiO2-6% Na2O, and a con-
centration of 267 g/l. Initial sols were diluted with
ethanol.
The stability of the suspensions was studied in
terms of viscosity, using a rheometer (Haake, RS50,
Germany) under controlled rate conditions. The shear
rate was increased from 0 to 1000 s−1 in 5 min, with
1 min at the maximum rate and decreasing again to 0
in 5 min, at 25◦C and 5◦C.
Glass and stainless steel AISI 304 substrates were
used for dipping tests, with withdrawal rates rang-
ing from 9 to 50 cm/min to find the critical thick-
ness of each sol. Glass substrates were cleaned
in ultrasonic bath with ethanol during 15 minutes,
and stainless steels by using an alkaline solution
(P3Emalan5668: P3Emalan0469, Miele, Germany) for
5 minutes.
EPD studies were performed in galvanostatic condi-
tions using a power source (AMEL, mod. 551, UK).
Graphite sheets were used as counterelectrodes and
polished substrates of stainless steel AISI 304 of the
same dimensions as working electrodes.
In basic silica particulate sols, a tight cell with N2
flow and controlled temperature lower than 5◦C was
used.
EPD conditions were studied by considering the dif-
ferent parameters involved in the Hammaker equation.
Different EPD tests were performed at current den-
sities ranges from 0.2 to 5.5 mA/cm2 for what de-
position times (1 to 5 min). The EPD kinetics was
studied for constant currents of 0.28 and 1.5 mA/cm2
and deposition times up to 60 min. In all cases the
evolution of the potential was registered during the
tests.
In order to separate the contribution of dipping to
the total thickness, the system designed includes a lift,
where the electrodes can be raised at constant rate. A
low withdrawal rate was used to minimise the dipping
contribution to the total thickness [9] for better charac-
terising the EPD thickness.
All the coatings were dried at room conditions and
sintered in air at 500◦C for 30 minutes. The thickness
of the coatings obtained by dipping and EPD were
measured by profilometry (Talystep, UK) and gravime-
try. Potentiodynamic tests were performed onto coated
and uncoated stainless steel sheets in a 3.65 wt%
NaCl medium using a potential source (GAMRY, mod.
CMS105, USA) applying a sweep rate of 12 mV/min
at 25◦C and without stirring. The reference electrode
used was saturated calomelane electrode (SCE) with a
testing area of 1 cm2.
SEM and EDX were used to determine the ion dif-
fusion trough the coatings during the EPD.
3. Results and Discussion
3.1. Suspensions of Colloidal Silica in Acid
Catalysed Sols (SiLev)
The stability of the sols prepared via acid catalysis with
colloidal SiO2 was evaluated by measuring the viscos-
ity at 25◦C. Newtonian behaviour was observed with
a viscosity of 3 mPa.s. Figure 1 shows the evolution
of viscosity with time for the 255 g/l sol at pH 2 and
pH 6, revealing a suitable stability during more than
one month for the highest pH sol.
The dipping thickness was studied on glass sub-
strates as a function of the withdrawal rate. A max-
imum thickness of 5 µm was obtained for the con-
centrated suspension at 50 cm/min, but these coatings
are non-homogeneous because of the high withdrawal
rate. Since the concentrated sol did not adhere to the
steel, it was diluted (255 g/l) to improve adherence.
Figure 1. Viscosity versus time for SiLev sols at pH 2 and 6.
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Anyway coating peel-out was observed during drying
for coatings thicker than 3 µm, this limiting the critical
thickness.
EPD tests were performed using the 255 g/l sols at
pH 2 and pH 6. For both pHs, particles are positively
charged, and migrate towards the cathode. In these con-
ditions, the metal corrosion is avoided.
The deposition mass per unit area was evaluated as a
function of the current density applied for a deposition
time of 5 min. At pH 2, the deposition rate is very slow
for small current densities and significantly increases
above 3 mA/cm2. However, H2 bubbling appears and
adsorbs onto surface, affecting the homogeneity of the
coating. The maximum defect-free thickness obtained
was 2.6 µm.
At pH 6 the deposition rate increases from
0.95 × 10−2 (pH 2) to 0.15 mg/cm2sV, more than 50%,
as a consequence of changes in the electrophoretic mo-
bility and conductivity of the sol [10]. The conduc-
tivity decreases around 20% from pH 2 to pH 6, but
this does not explain the strong increase in the de-
posited mass. Thus, the electrophoretic mobility has
also to change, probably due to partial adsorption of
(CH3)4N+ cations.
The deposition kinetics of the 255 g/l sol at pH
6 was studied applying current densities of 0.28 and
0.33 mA/cm2 for deposition times up to 5 min, Fig. 2.
In these conditions, no H2 bubbling was observed due
to the low current densities applied. However, peel-out
limits the thickness of the deposits up to 5 µm. Ho-
mogeneous and crack-free coatings with a maximum
thickness of 4.5 µm were obtained after 3 min deposi-
tion and sintering at 500◦C for 30 min.
Figure 2. Deposited weight/area as a function of time with current
densities of 0.28 and 0.33 mA/cm2, from SiLev sols at pH 6.
3.2. Silica Basic Sols (NaSi)
The stability of the concentrated NaSi particulate sol
was studied through its rheological behaviour at 25◦C.
The sol just prepared shows a Newtonian behaviour
with a viscosity value of 10 mPa s, becoming highly
thixotropic after one hour in open atmosphere. On the
other hand, small changes in the synthesis can also pro-
mote a high increase of the viscosity. The stability en-
hances with dilution. However, to control the stability,
the sols were prepared in strictly controlled conditions,
under reflux with N2 flow and low temperature. These
sols were always stored in tight flasks at T < 5◦C and
EPD were performed in a tight cell. Under this condi-
tions the viscosity is maintained constant for more than
100 hours for a sol of 188 g/l.
Dipping tests were performed onto glass substrates
using withdrawal rates up to 50 cm/min. As in acid-
catalysed sols, the critical thickness was not reached
for any concentration. Homogeneous coatings up to
4 µm were obtained for sols around 40 cm/min.
Silica particles in a basic medium are negatively
charged, so they migrate towards the anode, producing
an anodic deposition. In these conditions, the metallic
substrate, working as anode, is subject to corrosion.
EPD tests were performed for sols of different con-
centrations, varying the applied current densities for
deposition time of 5 min. The deposited mass in-
creases with the current density while the potential
keeps constant up to a deposit thickness of around
6 µm (1.5 mA/cm2), from which it significantly in-
creases, indicating a dielectric behaviour of the deposit,
Fig. 3.
Figure 3. Deposited weight/area as a function of the current density
for a deposition time of 5 minutes from NaSi sols with different
concentrations.
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The deposition kinetics was studied at a current den-
sity of 0.6 mA/cm2 and deposition times up to 60 min.
Homogeneous and crack-free deposits of 20 µm were
obtained after drying for a deposition time of 10 min
for the concentrated sol and 40 min for 188 g/l
sol [11].
After sintering in air at 500◦C during 30 min, ho-
mogeneous and crack-free coatings up to 12 µm were
obtained. As observed, the mass deposited increases
with the sol concentration and deposition time. Thus,
for obtaining thick coatings in short times, concen-
trated sols should be used. However, the stability of the
sol strongly decreases with sol concentration. Thus, a
compromise between time and concentration has to be
found.
For studying the industrial feasibility, this process
was scaled-up for coating surfaces up to 200 cm2, us-
ing deposition times as short as one minute. Figure 4
shows the evolution of the weight per unit area with
the current density. It was possible to obtain the criti-
cal thickness applying a current density of 5.5 mA/cm2
after only 1 min. Under these conditions, some degra-
dation of the substrates could be expected. However,
the analysis performed by SEM and EDX of a cross
section of the coatings did not detected iron diffusion
from the substrate to the coating, suggesting no degra-
dation of the metal.
The corrosion resistance of these coatings was eval-
uated through potentiodynamic tests. Figure 5 shows
the polarisation curve of applying a current density of
0.6 mA/cm2 for 25 min compared with the uncoated
steel. The figure indicate an excellent behaviour of the
coated substrate since the corrosion current density im-
Figure 4. Deposited weight/area from NaSi sol onto 200 cm2 sub-
strate area as a function of the current density for a deposition time
of 1 minute.
Figure 5. Polarisation curves in 3.65 wt% NaCl of AISI 304 un-
coated and protected with a 6 µm NaSi coating, using a saturated
calomelane electrode (SCE) with reference electrode.
proves in four order of magnitude (from 10−6 mA/cm2
to 10−10 mA/cm2) and the pitting potential shifts
up to 1200 mV/SCE, confirming the dielectric char-
acter of the coating. Corrosion kinetics studies are in
progress.
4. Conclusions
Silica suspensions prepared by acid catalysis present a
Newtonian behaviour maintaining their stability during
at least 4 days. Moving the sol pH up to 6 improves
the stability and the deposition kinetics. A maximum
sintered thickness of 4.5 µm was obtained, limited by
the coating peel-out.
Silica particulate basic sols also show Newto-
nian behaviour, but the stability strongly depends
on synthesis, concentration, temperature and atmo-
sphere. By controlling these parameters in a tight
cell, homogeneous and crack-free dried deposits of
20 µm, and sintered glass-like coatings of 12 µm were
obtained.
The process was scaled-up to 200 cm2 surface sheets,
reducing the deposition times to 1 minute, to evaluate
the industrial feasibility.
Potentiodynamic tests of EPD silica coatings showed
an excellent behaviour against corrosion.
Acknowledgments
The authors wish to thank Dr. J. Damborenea and Dra.
A. Conde for the corrosion tests. This work was par-
tially financed by EU BRITE Project No BE-97-5111,
and MAT2000-0952-C02-01.
P1: LOP
Journal of Sol-Gel Science and Technology KL1657-131 August 9, 2002 14:32
Silica Sol-Gel Coatings on Metals 5
References
1. M. Guglielmi, J. Sol-Gel. Sci. Tech. 8, 443 (1997).
2. J. Gallardo, P. Galliano, R. Moreno, and A. Dura´n, J. Sol-Gel.
Sci. Tech. 19, 107 (2000).
3. H. Schmidt, G. Jonschker, S. Goeedicke, and M. Mennig, J.
Sol-Gel. Sci. Tech. 19, 39 (2000).
4. P. Sarkar and P. Nicholson, J. Am. Ceram. Soc. 79, 1897 (1996).
5. H. Nishimori, M. Tatsumisago, and T. Minami, J. Mater. Sci. 31,
6529 (1996).
6. A.R. Boccaccini and C.B. Ponton, JOM. Oct. 34 (1995).
7. B. Ferrari, Y. Castro, J. Gallardo, R. Moreno, and A. Dura´n,
Spanish Patent no. P200008525 (2000).
8. G. Jonschker, M. Mennig, and H. Schmidt, European Patent no.
EP0973958 (1998).
9. Y. Castro, B. Ferrari, R. Moreno, and A. Dura´n, Bol. Soc. Esp.
Ceram. Vidr. 39, 705 (2000).
10. B. Ferrari and R. Moreno, J. Electrochem. Soc. 147, 2987 (2000).
11. Y. Castro, A. Dura´n, R. Moreno, and B. Ferrari, Adv. Mat., to Au: Pls.
update
ref. 11
be published.
